Abstract. Tumors of the pineal region (PR) are rare and can be subdivided into four main histomorphological groups: Pineal-parenchymal tumors (PPT), germ cell tumors (GCT), glial tumors and miscellaneous tumors. The appropriate pathological classification and grading of these malignancies is essential for determining the clinical management and prognosis. However, an early diagnosis is often delayed due to unspecific clinical symptoms, and histological support is not always decisive to identify the diversity of tumors of the PR. The present study aimed to characterize 18 tumors of the PR using comparative genomic hybridization. All the tumors were primarily surgically resected without any previous irradiation or chemotherapy. In addition to chromosomal aberrations in PPT and different GCTs of the PR, the present study described, for the first time, the chromosomal changes in a few rare entities (solitary-fibrous and neuroendocrine tumors) of the PR. The tumors in the study, regardless of histology and World Health Organization grade, were characterized by frequent gains at 7, 9q, 12q, 16p, 17 and 22q, and losses at 13q. While the detection of chromosomal aberrations in these tumors appears not to be indicative enough of histological entities and their grade of malignancy, the present data may be of use to select genes of interest for higher resolution genomic analyses.
Introduction
Tumors of the pineal region (PR) are rare. The tumors are most commonly found in children and infants, while only 1% occur during adulthood (1, 2) . The appropriate pathological classification and grading of the malignancy of tumors of the PR is essential for determining the clinical management and prognosis (3, 4) . Tumors of the PR can be subdivided into four main histomorphological groups: Pineal-parenchymal tumors (PPT), germ cell tumors (GCT), glial tumors and miscellaneous tumors.
PPTs originating from the pineal gland itself account for 14-27% of PR tumors (1, (5) (6) (7) . In addition to grade I pineocytoma and grade IV pineoblastoma, PPT of intermediate differentiation (PPTID) was recognized in the 2007 World Health Organization (WHO) classification as an intermediate-grade malignancy (II or III). Therefore, these tumors may have been summarized in the past under grade I pineocytoma or grade IV pineoblastoma (5) . The origin of pineal cysts remains unclear, but they are believed to be non-neoplastic (8) . GCTs are among the most abundant entities (40%) in the PR, and include germinomas and non-germinomatous tumors, such as epidermoid cysts, teratomas and yolk sac tumors (5, 9, 10) . Glial tumors, most commonly grade I pilocytic astrocytomas, account for up to 25% of tumors of the PR (5, 11) . Miscellaneous tumors of the PR include solitary fibrous tumors (SFT) (12) and metastases. Rarely, other brain tumors, including meningioma, glioblastoma, ependymoma, plexus papilloma and neuroendocrine tumors (NETs), can also occur in the PR (13) (14) (15) (16) .
The early diagnosis of tumors in the PR is often delayed through unspecific clinical symptoms. Imaging studies can be suggestive of the type of tumor of the PR, but only occasionally provide the exact diagnosis (9, 17, 18) . Serum and cerebrospinal fluid markers have been the most useful in the pre-operative evaluation, as α-fetoprotein (AFP) and β-human chorionic gonadotropin (β-HCG) are indicative of malignant GCT (19) . Nevertheless, the absence of AFP or β-HCG does not rule out a malignant GCT (20) . Markers of PPTs are not as well characterized as their germ cell counterparts, and include melatonin and the S-antigen, neither of which have proven valuable in establishing the correct diagnosis (21, 22) . Additionally, the histopathological diagnosis of tumors of the PR is often difficult due to the inherently small size of the biopsies for diagnosis and the wide range of histological tumor entities in this brain region (3, 5) . Immunohistochemical support is not always decisive to identify the histomorphological diversity of tumors of the PR (1,11,23 ).
Common molecularcytogenetic alterations in tumors originating from the pineal region
Therefore, valuable diagnostic markers have to be defined to allow a histogenetically-based diagnosis. Recently, we described a chromosomal pattern, which can differentiate papillary tumors of the PR from other papillary tumors of the PR (24) . Specific genetic changes in other tumors of the PR are yet to be determined. The present study aimed to characterize tumors of the PR using comparative genomic hybridization (CGH). In addition to chromosomal aberrations in PPT and different GCTs of the PR, the present study describes, for the first time, chromosomal changes in a few rare entities of the PR.
Materials and methods
Patients. This study included 18 patients in whom tumors of the PR were primarily surgically resected without any previous irradiation or chemotherapy between 1997 and 2005. Inclusion criteria comprised follow-up data and successful cytogenetic analyses of the tumors. The study was performed with the patients' informed consent, and according to the guidelines and approval of the Local Ethics Committee (No. 12/11/10) of the Georg-August University Göttingen (Göttingen, Germany).
DNA preparation and CGH. The specimens were trimmed to ensure a minimum of 75% tumor cells in the sample. Tumor DNA was extracted from formalin-fixed and paraffin-embedded tumors of the PR by proteinase K digestion (2 mg/ml final concentration; Roche Diagnostics GmbH, Mannheim, Germany) followed by spin column purification (Qiagen GmbH, Hilden, Germany). The labeling of tumor DNA (nick translation) was performed with biotin-16-dUTP and normal reference DNA with digoxigenin-11-dUTP (both Roche Diagnostics GmbH). The denatured DNA probe containing 2 µg tumor DNA, 1.5 µg reference DNA and 80 µg COT-1 DNA was hybridized for 3 days to normal metaphase spreads on glass slides (15x15-mm cover glass area). The slides were then washed, blocked with bovine serum albumin solution and incubated with anti-biotin fluorescein-conjugated avidin (Vector Laboratories Inc., Burlingame, CA, USA) and rhodamine-conjugated anti-digoxigenin (Roche Diagnostics GmbH) antibodies. Finally, the slides were washed and mounted in antifade solution (Vector Laboratories Inc.) containing 2.5 µg/ml 4',6-diamidino-2-phenylindole (DAPI) counterstain.
Imaging and image analysis. Image acquisition was performed on a Zeiss Axioskop fluorescence microscope (Zeiss, Göttingen, Germany) equipped with three separate bandpass filters (a DAPI bandpass, a green single bandpass and a red single bandpass) and a high sensitivity monochrome charge coupled device camera (Photometrics, Tuscon, AZ, USA). For each analysis, the averaged chromosome-specific green-to-red fluorescence ratios and their 95% confidence intervals from at least 10 well-selected metaphases were plotted using the Quips CGH software (Applied Imaging, Newcastle, UK). A gain of DNA sequences was recorded at chromosomal regions where the hybridization resulted in a tumor-to-normal ratio of 1.2. Overrepresentations were considered amplifications when the fluorescence ratio values were >1.5 in a subregion of a chromosome arm. A loss of DNA sequences was recorded where the tumor-to-normal ratio was 0.8. As an internal control, normal reference DNA was chosen from the opposite gender to ensure correct technical analyses. The chromosomal regions 1p32-pter, 13p, 14p, 15p, 19, 21p and 22p, and the known constitutive heterochromatic regions at 1q, 9q, 16q and Yq, and telomeric regions, were excluded from the analysis.
Statistical analysis. To evaluate chromosomal imbalance distribution in relation to diagnostic assignment, for each of the entities in the dataset, gain and loss frequencies were calculated. Copy number profiles were compared by generating a heatmap of gain and loss distributions. All statistical analyses are intended to be exploratory rather than confirmatory due to the relatively low number of patients per group. P<0.05 was considered to indicate a statistically significant difference and were determined using the Student's t-test. Mean values and standard deviations are shown. Statistical analyses were performed using GraphPadPrism 5.0 software (GraphPad Software Inc., La Jolla, CA, USA).
Results
Clinicopathological data. The 18 tumors of the PR included 6 PPTs, 1 pineal cyst, 6 pineal GCTs and 5 miscellaneous tumors (Table I ; Fig. 1) . Overall, 83.3% of the patients were male, with a mean age at the time of tumor diagnosis of 26.6±17.0 years. The male patients were significantly younger at the time of diagnosis (22.8±3.7 years; range, 5 months-47 years) than the female patients (45.4±10.9 years; range, 24-60 years; P<0.035).
Comparative genomic hybridization PPTs. The analyzed pineal cyst revealed gain of 16p as a single chromosomal aberration. By contrast, one of the 2 grade II PPTIDs did not reveal any chromosomal aberrations. In the other grade II PPTID and in the 4 grade IV pineoblastomas, a mean of 8.2 net chromosomal aberrations (6.4 gains and 1.8 losses) was found. Gains at 12q and 16p were observed in 3 out of 5 tumors. Moreover, 2 out of 4 pineoblastomas of WHO grade IV demonstrated gains of 8q and whole chromosome 17, as well as loss of 13q (Table I) .
Pineal GCTs. While the epidermoid cyst did not reveal any chromosomal aberrations, the mature teratoma and 4 germinomas analyzed showed a mean number of 12.8 net chromosomal changes, (8 gains and 4.8 losses). Common imbalances were gains of 12q and loss of 13q in 3 out of 4 germinomas. Additionally, 4 germinomas showed gains of 1q, 7, 16p, 17q and 22q, as well as losses of 9p. The mature teratoma resembled similar chromosomal aberrations observed in germinomas, also revealing gains of 1q, 7q, 16p, 17q and 22q, and losses of 9p (Table I) .
Glial tumors of the PR. Grade I pilocytic astrocytomas revealed gains of 11q, 7q, 16p, 20q and 22q, as well as gains of whole chromosome 1 and 17 (Table I) .
Miscellaneous tumors of the PR. Plexus papilloma was characterized by gains of 7q, 12, 14q, 15q, 19p and 21q. No chromosomal losses were observed. SFT of the PR showed gains on 7, 9q, 16p, 17 and 22q, and losses on 13q. The NET of the PR revealed the majority of cytogenetic net changes of all analyzed tumors of the PR, including gains on 5, 7, 8, 9, Table I . Chromosomal aberrations detected in 18 tumors of the pineal region. 12p, 12q, 21q and 22q, and losses on 1, 2, 10, 13q, 14q, 15q, 18 and 20 (Table I) .
CGH aberrations --------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Discussion
It can be expected that tumors originating from a single histological cell population will display the same cytogenetic pattern. However, classic concepts of tumorigenesis are incomplete with regard to explaining the diversity of heterogenic tumors of the PR (25) . To date, the cytogenetic and molecular data on PR tumors have been sparse. The present study characterized 18 tumors of the PR and found no distinctive, but rather common cytogenetic aberrations for each tumor entity and origin. Despite pineal cysts being considered as non-neoplastic lesions, CGH analyses in the present study revealed gains of 16p. The cytogenetic spectrum of grade II PPTID is limited, revealing gains of 4q and 12q, and loss of chromosome 22 in two tumors each (1, 26) . One of the grade II PPTIDs in the present study did not reveal any chromosomal imbalances, while the other grade II PPTID, in addition to gains of 16p, showed a wide range of gains and losses. By using CGH (1) and array-CGH (26, 27) , grade IV pineoblastomas show relatively low chromosomal rearrangements, with gains at 1, 12q, 13q and 19p, and losses at 13q, 16q and 22q being the most frequent aberrations. In 2 out of 4 grade IV pineoblastomas in the present study, gains at 16p could also be observed. It may be concluded from the present results that gains at 16p appear to be the chromosomal hallmark of PPTs, but no correlation can be drawn between malignant progression and the number of molecular cytogenetic changes.
Cytogenetic analysis of cerebral GCT, particularly GCT of the PR, are seldom reported, with 27 pineal GCTs reported to date (28, 29) . In these studies, the gain of 12p, a hallmark in testicular GCT (30) , was detected at varying frequencies. The most common gains at 1q, 8q, 12p and 17q, as well as losses at 9q, 13q and 18q, have been demonstrated in 27 GCTs of the PR, including the present study cases (28, 29) . GCTs presented in the current study commonly displayed gains at 1q (80%) and losses at 13q (60%). Gains at 12p and 8q, and losses at 9q and 18q were observed in only 20% of cases.
Notably, only WHO grade I pilocytic astrocytoma was observed in the PR. Genetic analyses in grade I pilocytic astrocytomas of different regions are scarce. Moreover, pilocytic astrocytomas of different locations (hemispheric, cerebellar and chiasmatic) appear to show different biological characteristics with regard to biological aggressiveness (31). Gains have been described on chromosomes 1p (63%), 2p (63%), 9p (63%), 9q (59.3%), 16p (63%), 17q, 19q (55.5%) and 22 (31, 32) . Losses have been shown for chromosomes 2p (40.7%), 3 (11%), 8p (63%), 9q, 12q, 16p (77.8%) and 16q (31, 32) . It is not possible to determine a correlation between these genetic alterations and the location of the tumors. The present results showed gains on chromosomes 1p, 9q and 16p, as well as additional chromosomal changes. Losses were detected on chromosomes 8q and 9p. Losses for 2p, 3, 8p and 16p were not detected. These results emphasize the heterogeneity of grade I pilocytic astrocytomas I (31, 33) . Among the miscellaneous tumors of the PR, a SFT, a plexus papilloma and an NET were characterized. The present study is the first cytogenetic characterization of a cerebral SFT occurring in the PR. Chromosomal gains were observed for 7, 9q, 16p, 17 and 22q, and loss at 13q. In 2010, the first study of a NET of the PR was published (15) . Until then, NET of the PR had been unknown. The present study describes, for the first time, the cytogenetic alterations observed in a NET of the PR. The tumor demonstrated a high chromosomal instability with extended gains and losses. Frequent chromosomal changes have been demonstrated in NETs of the intestine, identifying several chromosomal clusters and tumor groups stressing the complexity and requirement for further CGH analysis of NETs of different locations (34). In summary, tumors of the PR in the present study, regardless of histology and WHO grade, were characterized by frequent gains at 7, 9q, 12q, 16p, 17 and 22q. Gain of 16p appeared to be an common alteration in PPT. Gains at 12q were mainly observed in PPT and GCT. Additionally, losses to 13q were frequently observed in PPT and GCT, as well as in SFT and NET, but not in grade I pilocytic astrocytomas of the PR. Therefore, detection of chromosomal aberrations in these tumors may not be indicative of histological differentiation. However, the present data may of use for selecting genes of interest for higher resolution analyses like array-CGH, or for more recent analyses such as next generation sequencing (35) .
